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Abstract
Local environments of ferric and ferrous irons were systematically studied with M€ossbauer (at liquid helium
temperature) and ultraviolet–visible–near infrared spectroscopic methods for various 18Na2O–72SiO2 glasses doped
with 0.5 mol% Fe2O3. These were prepared at temperatures of 1300–1600 C in ambient air or at 1500 C under re-
ducing conditions with oxygen partial pressures from 12.3 to 0:27 107 atmospheres. The M€ossbauer spectroscopic
method identified three types of local environments, which were represented by the Fe3þ sextet, the Fe3þ doublet, and
the Fe2þ doublet. The Fe3þ sextet ions were assigned to isolated octahedral ions. Under reducing conditions, the
octahedral Fe3þ ions were readily converted into octahedral ferrous ions. The Fe3þ doublet exists both in octahedral
and tetrahedral environment, mainly as tetrahedral sites in the reduced samples. The tetrahedral ions were found stable
against reduction to ferrous ions. The Fe2þ doublet sites existed in octahedral coordination. Combining results from
both spectroscopic studies, the 1120- and 2020-nm optical bands were assigned to octahedral ferrous ions with a
different degree of distortion rather than different coordinations. Further, we assigned the 375-nm band to the tran-
sition of octahedral ferric ions that are sensitive to the change of oxygen partial pressure in glass melting and 415-, 435-,
and 485-nm bands to the transitions of the tetrahedral ferric ions that are insensitive to oxidation states of the melt.
The effect of ferric and ferrous ions with different coordination environments on the glass immiscibility was eluci-
dated.
 2002 Elsevier Science B.V. All rights reserved.
1. Introduction
Iron derived from nuclear fuel reprocessing is
one of the major components in high-level ra-
dioactive waste (HLW) glasses. In the United
States, HLW glasses are primarily based on bo-
rosilicate systems [1–3]. Iron in HLW glasses exits
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both in ferrous and ferric forms, their ratio being
affected by host glass composition as well as
processing temperature and oxygen partial pres-
sure [4–7]. There are at least two major related
issues with iron in HLW glasses: vitrification
processing and waste-form performance. The
processing issue is related to the formation of
spinel crystal, a solid solution of iron oxide with
other minor species from waste streams, such as
Ni, Cr, and Mn [8–12]. Spinel crystal settling and
accumulation at the bottom of a HLW vitrifica-
tion melter or in a glass pour spot is detrimental.
Studies of spinel-crystallization issues in the waste
glasses have been reported and used to aid in
developing waste-glass formulations that are not
susceptible to spinel formation, i.e., low liquidus
temperature for spinel as a primary phase [13,14].
The performance issue related to iron is how
ferrous and ferric iron or iron redox affects the
tendency of the HLW glass stability, i.e., whether
a change in iron redox of glass influences the
tendency of glass phase separation since waste
glass poured into a canister will be subject to both
slow cooling and repeated heating during filling.
Microphase separation can adversely impact the
chemical durability of the final waste form [15,16].
The phase-separation study related to iron, spe-
cifically the iron redox, is limited [17,18]. For both
processing and performance issues, a basic un-
derstanding of iron chemistry in the waste glasses
is very important to ensure that the HLW glass
formulation is optimized for both a safe vitrifi-
cation process and the long-term stability of the
final waste form under a radiation field and a
geological environment.
On the one hand, borosilicate glasses can be
generally viewed as a continuous network through
linkages of the network formers of SiO2 and B2O3
groups. On the other hand, numerous spectro-
scopic studies show that a borosilicate glass sys-
tem may be more appropriately treated as a
mixture of borate-rich and silicate-rich environ-
ments [19–23]. It follows that a random mixing
between B–O and Si–O does not likely exist at a
sub-nanoscale. Therefore, understanding ferrous
and ferric iron effects on the phase stability of each
individual glass-forming network, silicate versus
borate, is important. This study investigated the
effect of iron redox on the phase stability of sili-
cate glass.
Sodium-silicate glasses, 13Na2O–87SiO2 (13NS)
and 18.56Na2O–71.44SiO2 (18NS) are prone to
microphase separation [18]. The effect of iron
redox, Fe2þ=ðFe2þ þ Fe3þÞ or vFeðIIÞ, on the critical
temperature (Tc) of the two silicate glasses has been
reported [18]. With 0.5 mol% Fe2O3 doping in the
13NS and 18NS glasses, there was an initial Tc
downshift of 32 and 29 C for the iron-doped
13NS with vFeðIIÞ ¼ 0:097 and 18NS glass with
vFeðIIÞ ¼ 0:058, respectively, for the two glasses
prepared under ambient conditions. Under re-
ducing conditions, Tc slightly increased over the
range of vFeðIIÞ from 0.097 to 0.66 for 13NS and
from 0.058 to 0.89 for 18NS, respectively. The
finding on the effect of iron redox on silicate phase
separation is not well understood. To gain a bet-
ter understanding of the observed iron redox ef-
fect, iron-doped 18NS glasses that were prepared
under different oxidizing/reducing conditions were
chosen for further study using M€ossbauer and
ultraviolet–visible–near infrared (UV–VIS–NIR)
methods.
2. Experimental
2.1. Glass preparation
The baseline glass, 18.56Na2O–71.44SiO2 (as
analyzed composition), referred to as an 18NS
glass in this study, was obtained from Owens–
Corning, and it was homogenized at 1600 C for
five days. Fe-doped glasses were prepared by
doping 0.5 mol% Fe2O3 in the glass and melting
under different conditions: (1) in air with different
temperatures, 1300, 1400, 1500, and 1600 C and
(2) at 1500 C under different oxygen partial
pressures by bubbling a mixture of CO and CO2
gas in each melt. The gas mixing ratios of CO
over CO2 was 12/88, 24/76, 36/64, and 50/50, re-
spectively, which correspond to oxygen partial
pressures of 12.3, 2.3, 0.72, and 0:27 107
atmospheres, respectively, as calculated using a
commercial software FACT [24]. The details of the
iron-bearing glass preparation were previously
discussed [18].
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2.2. UV–VIS–NIR spectroscopy
A UV–VIS–NIR spectrophotometer was used
to measure optical absorption spectra of the glass
plates. The glass was cut into pieces with dimen-
sions of 10 10 mm with varying thickness (1.5,
2.0, 2.5 and 3.0 mm) using a low-speed diamond
saw. All of the glass samples were then ground
using flat alumina grinding media and polished
using 1-lm CeO2 grit to achieve uniform thickness
and parallel and polished surfaces. We calculated
the extinction coefficient using the Lambert–Beer
equation. To find the extinction coefficient, the
concentration of vFeðIIÞ obtained from the colori-
metric method was used as reported elsewhere [18].
Spectra were measured over the 200–3200 nm
wavelength range with a 0.2-nm scan interval and
a 0.1 s dwell time. The spectra were normalized by
the sample thickness and corrected for back-
ground. The background correction was done by
subtracting the spectrum of the baseline glass
without iron from the spectrum of the iron-bearing
glass.
2.3. M€ossbauer spectroscopy
Samples (or absorbers) were prepared by mix-
ing approximately 180 mg of powdered glass
sample with petroleum jelly in a Cu holder (0.5 in.
thick and 0.5 in. i.d.) that was sealed at one end
with clear scotch tape. The sample space volume
was filled with petroleum jelly and the ends sealed
with a tape and an aluminized-Mylar film stable at
4.2 K. Because of the low absorber densities,
thickness corrections were not applied. Liquid
helium measurements were performed using a top-
loading Janis exchange-gas cryostat. The temper-
ature was continuously monitored with a
Nichrome thermocouple. The temperature of the
chamber was maintained within 0.5 K with a
temperature controller. The entire drive-source
assembly was external to the cryostat, and only the
sample was cooled to the desired temperature.
Spectra were collected using a 57Co/Rh single-
line thin source with an initial activity of 50 mCi.
The M€ossbauer bench (MB-500; WissEL, Ger-
many) was equipped with a dual M€ossbauer drive
system to gather data simultaneously for two ex-
periments. The velocity transducer (MVT-1000;
WissEL) was operated in the constant-acceleration
mode (23 Hz, 10 or 15 mm/s). Data were ac-
quired on 1024 channels and then folded with a
recoil (University of Ottawa) program to 512
channels to give a flat background and a zero-
velocity position corresponding to the center shift
(CS or d) of a metallic-Fe foil at room temperature
(RT). Calibration spectra were obtained with a 20-
lm-thick a-Fe foil (Amersham, England) placed in
exactly the same position as the samples to mini-
mize any error due to changes in geometry. The
transmitted radiations were recorded with Ar–Kr
proportional counters. The spectra were evaluated
with a recoil program using the Voigt-based hy-
perfine parameter distribution method of Ran-
court and Ping [25].
2.4. Voigt-based hyperfine distribution method
Quantum mechanics predicts a Lorentzian
shape for an emission (or absorption) line when a
quantum emitter (or absorber) is involved [26].
The full width at half maximum C of the peak is a
property of the particular nuclear transition and is
expressed by the Heisenberg uncertainty relation,
C ¼ h=s (h is the Plancks constant divided by 2p,
and s is the exponential lifetime of the excited
state). In 57Fe M€ossbauer spectroscopy, the 14.4-
keV state has s ¼ 141 ns and C ¼ 4:66 109 eV
(or 0.097 mm/s). For an absorption experiment,
the predicted C is 0.194 mm/s (2 0:097 mm/s).
The C value is not an adjustable parameter and
hence was fixed at 0.194 mm/s for simulating the
spectra of thin absorbers as used in this study. In
the literature, however, it has become a widespread
practice to employ an arbitrary number of Lo-
rentzian doublets/sextets with adjustable C values.
Such a fitting approach would carry a risk of over-
interpretation of the physical meaning of the fitted
C-value, which has been adequately addressed by
Rancourt [27].
In the present work, the Voigt-based hyperfine
distribution method developed by Rancourt and
Ping [25], in which all the parameters have direct
physical meanings, was employed. In addition,
FWHM was fixed at 0.194 mm/s in all the spectral
simulations. The adopted fitting methodology
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based on the hyperfine distribution method was
found more physical and robust. Rancourt and
Rancourt et al. [28,29] have recently discussed and
illustrated the inadequacy of Lorentzian peaks in
fitting mica spectra. The QSD distribution method
assumes a certain number of generalized Fe envi-
ronments (sites), each having its own continuous
distribution of quadrupole splitting (D or QS) or
hyperfine magnetic field (Bhf ) that consists of a
number of Gaussian components. The CS (d) of
each QSD site is related to its D, as d ¼ d0 þ d1D,
where d0 is the value of d when D (a distribution
rather than a singular value) is zero, and d1 is the
coupling of d to the distributed hyperfine param-
eter (D). For the hyperfine field distribution (HFD)
site, the d is related to its Zeeman splitting, z, as
d ¼ d0 þ d1z. Rossano et al. [30] recently applied
two-dimensional distributions of d and D to ex-
plain the nature of Fe2þ sites in tektite glasses. In
the present study, d1 was fixed at zero in all the
simulations, which is often a valid assumption
since local structural and chemical variations have
a much smaller effect on d than on D. The quad-
rupole shift parameter, e, of the HFD site is related
to its z, as e ¼ e0 þ e1z, where e0 is the value of e
when z (a distribution) is zero, and e1 is the cou-
pling of e to the distributed hyperfine parameter.
Again e1 was fixed at zero in all the simulations.
3. Results
3.1. UV–VIS–NIR
The UV–VIS–NIR spectra of the glasses melted
at various temperatures (1300–1600 C) and the
glasses melted at 1500 C under varying reducing
conditions (CO/CO2 ratio varying from 12/88 to
50/50) are shown in Fig. 1. All the glasses, re-
gardless of the melting conditions, exhibited (1)
broad peaks with maxima centered near 1120 and
2020 nm (Fig. 1(a), (b), (d), and (e)) and (2) minor
Fig. 1. UV–VIS–NIR spectra: (a) temperature effects on 1120- and 2020-nm band intensities for glasses melted between 1300 and 1600
C in air, (b) little independent temperature effect on 1120- and 2020-nm band intensities for glasses melted between 1300 and 1600 C
(with two extreme cases), (c) no effect on UV absorption bands (with two extreme cases), (d) oxygen partial pressure effect on the 1120-
and 2020-nm band intensities for the reduced glasses melted at 1500 C under 12.3 (12CO/88CO2) to 0:27 107 (50CO/50CO2) at-
mosphere, (e) little independent temperature effect on 1120- and 2020-nm band intensities for the reduced glasses (with two extreme
cases), (f) oxygen partial pressure effect on UV bands for the reduced glasses.
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peaks centered around 375, 415, and 435 nm, and
a broad peak at approximately 485 nm (Fig. 1(c)
and (f)). The broad peaks centered near 1120 and
2020 nm are typical of the Fe2þ transition whereas
the minor peaks at 375, 415, and 435 as well as the
broad peak centered near 485 nm are characteristic
of Fe3þ transitions [31].
The intensities of both the 1120- and 2020-nm
bands due to Fe2þ were progressively higher in the
samples melted in air at higher temperatures (Fig.
1(a)). However, the intensity ratio of the 1120-nm
peak over the 2020-nm peak remained more or less
constant for all the samples; as an example, spectra
of 1300 and 1600 C (lowest and highest temper-
ature melted samples) are shown in Fig. 1(b) where
the spectra were compared by plotting with dif-
ferent y-axes. Furthermore, it appears that the
minor bands near 375, 415, and 435 nm as well as
485 nm due to Fe3þ bands were identical to each
other in all the air-melted samples. As an exam-
ple, spectra of 1300 and 1600 C were compared in
Fig. 1(c).
The Fe2þ bands of the reduced samples were
qualitatively similar in shape and position to those
of the samples made under ambient conditions, yet
their intensities were much higher than those in
Fig. 1(a). The intensities of the Fe2þ bands were
progressively higher in the samples melted at lower
oxygen partial pressures (Fig. 1(d)). However,
similar to the finding for the samples prepared
under ambient conditions, the intensity ratio of the
1120-nm band over the 2020-nm band changed a
little. This observation was based on Fig. 1(e)
where samples reduced at the highest and lowest
oxygen partial pressures (12/88 and 50/50 CO:CO2
atmosphere) were compared. On the other hand,
unlike in the samples prepared in ambient condi-
tions, there were significant changes in the inten-
sities of the Fe3þ bands at lower wavelengths as
shown in Fig. 1(f). For example, in the glass mel-
ted under the 36CO/64CO2 reducing condition, the
band at 375 nm was shifted towards a higher
wavelength as compared to that of the glasses
melted under the 12CO/88CO2 and 24CO/76CO2
conditions. Most significant change, however, was
absence of 375-nm band in the glass melted under
the 50CO/50CO2 reducing condition. While chan-
ges occurred in the 375-nm peak in the reduced
sample, there appeared little change in the 415-,
435-, and 485-nm bands.
3.2. M€ossbauer
A curved baseline was evident in spectra of all
the samples melted in air or under reducing con-
ditions except for under highly reduced conditions,
36CO/64CO2 and 50CO/50CO2, respectively. The
spectra were complex. Room and liquid helium
(4.2 K) temperature spectra of the sample melted
in air at 1600 C are shown in Fig. 2 as an ex-
ample. The RT spectrum was principally an
asymmetric doublet suggesting overlapping be-
tween Fe2þ and Fe3þ doublet spectra with a curved
baseline. The peak near 2 mm/s (marked with ()
in Fig. 2) is typical of an Fe2þ doublets high-en-
ergy component [32], whereas the broad feature
over the 0–1 mm/s region is typical of a mixture of
peaks (marked with () in Fig. 2) for the Fe3þ
doublet peaks and the Fe2þ doublets low-energy
component [32]. The curved baseline indicated the
presence of isolated Fe3þ sites that give rise to
sextets at lower temperatures as clearly illustrated
by the 4.2 K spectrum for the same sample. Such a
phenomenon has been also reported in glasses with
less than 4 wt% Fe2O3 [33–35], and kaolinite (an
aluminosilicate clay) containing less than 1 wt% Fe
[36]. The sextets, which make up about 75% of the
Fig. 2. RT and helium temperature 4.2 K 57Fe M€ossbauer
spectra of the glass melted at 1600 C in air showing an ad-
vantage, revealing presence of Fe3þ sextet, of conducting the
test at 4.2 K.
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spectral area, are usually referred to as hyperfine
split (HFS) spectra.
The air-melted samples, however, differed
mainly from each other in their central asym-
metric double profile. The baseline and Fe3þ
sextet features, on the other hand, appeared
similar to each other. The 4.2 K M€ossbauer
spectra of the samples melted in air at 1300 and
Fig. 3. 57Fe M€ossbauer spectra of glasses melted at 1300 (blue) and 1600 C (red) in air.
Fig. 4. 57Fe M€ossbauer spectra of glasses melted at 1500 C in air (red) and under 12CO/88CO2 reducing atmosphere (blue).
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1600 C (lowest and highest melted samples) are
shown in Fig. 3 as an example. From the figure,
it is clear that the intensity of the Fe2þ doublets
high-energy component (marked with () in Fig.
3) was relatively higher while the intensity of the
Fe3þ doublets low-energy component (marked
with () in Fig. 3) was relatively lower in
the 1600 C sample compared to the compo-
nents in the 1300 C sample. The relative in-
tensities of the Fe2þ and Fe3þ doublet peaks in
the intermediate sample, 1500 C (Fig. 4), as ex-
pected, was in between the 1300 and 1600 C
samples.
The spectra of samples melted under the CO/
CO2 atmosphere were significantly different from
those melted under ambient temperature. This
observation was based on Fig. 4 where 4.2 K
spectra of samples melted at 1500 C in air and
12CO/88CO2 were compared. The intensity of the
Fe2þ doublets high-energy component was sig-
nificantly higher in the sample melted in the pres-
ence of the 12CO/88CO2 atmosphere than in the
air-melted sample. In addition, the comparison
suggested that the CO/CO2 atmosphere did not
significantly affect the baseline and sextet feature
(Fig. 4). Fig. 5 shows 4.2 K spectra of all the CO/
CO2 reduced glasses. The 12CO/88CO2 and 24CO/
76CO2 reduced samples appeared to be different
from each other, mainly in the asymmetric doublet
profile; a closer inspection, however, also sug-
gested a decrease in the curvature of the baseline
feature. The 36CO/64CO2-reduced sample, on the
other hand, was significantly different from the
12CO/88CO2 and 24CO/76CO2 reduced samples,
and this was apparent from (1) a shift in the Fe2þ
doublets high-energy component towards higher
energy, (2) an increase in the Fe3þ sextets Bhf
(splitting between the peaks 1 and 6; () in the
figure), (3) a decrease in the Fe3þ sextets relative
intensity, and (4) flattening of the baseline. On the
other hand, the asymmetric doublet profile, mainly
in terms of splitting between the doublet peaks, of
the sample reduced under the highest CO/CO2
ratio gas atmosphere, 50CO/50CO2, appears to be
qualitatively similar to the 12CO/88CO2 and
24CO/76CO2 reduced sample profiles. Finally, the
Fe3þ sextet feature was undetectable in the highly
reduced sample.
Fig. 5. 57Fe M€ossbauer spectra of glasses melted at 1500 C in
air under reducing atmospheres of (a) 12CO/88CO2, (b) 24CO/
76CO2, (c) 36CO/64CO2, and (d) 50CO/50CO2.
Fig. 6. Simulation of local iron environments based on 4.2 K
57Fe M€ossbauer spectrum of the NIST standard obsidian rock.
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3.3. M€ossbauer spectroscopy simulations
The quadrupole/hyperfine distribution method
was adopted, as discussed earlier, to fit the spectra.
Since the sextet feature of the samples was evident
only at liquid helium temperature, simulations
were carried out on 4.2 K spectra only. In the
simulations, the spectra were fitted with three Fe
sites, namely, an Fe3þ doublet, an Fe3þ sextet, and
an Fe2þ doublet (see Figs. 6 and 7). In addition,
for the samples that exhibited a curved baseline,
we imposed a bimodal distribution (two Gauss-
ian components) to fit the Fe3þ sextet. This ap-
proach yielded fitted parameters with better
physical meaning. Furthermore, the fitting derived
vFeðIIÞ (vFeðIIÞ ¼ Fe2þ=
P
Fe;
P
Fe ¼ Fe2þðdoubletÞ þ
Fe3þðdoubletÞ þ Fe3þðsextetÞ) values, assuming identical f-
factors (recoil-free factor) for all the Fe environ-
Fig. 7. Model simulation comparison based on 4.2 K 57Fe M€ossbauer spectrum of the glasses melted at 1300 C in air.
308 R.K. Kukkadapu et al. / Journal of Non-Crystalline Solids 317 (2003) 301–318
ments, had a closer agreement with the vFeðIIÞ val-
ues determined by the spectrophotometric method
[18]. The robustness of the simulation method
adopted in this study was further demonstrated by
fitting the 4.2 K spectrum for a standard obsidian
rock (1.058% Fe2þ and 1.428% Fe3þ) from the
National Institute for Standards and Testing
(NIST) as shown in Fig. 6. Our fitting-derived
vFeðIIÞ value was 0:428 0:012 compared to the
NIST certified value of 0.426.
On the other hand, as in other fitting methods
such as the Lorentzian-based fit methods, there
was always a concern of not extracting accurate
M€ossbauer parameters (e.g., d and D) and spectral
areas due to trade-off of parameters (and areas)
between the different Fe-sites. For example, Fig. 7
shows statistically equivalent fits of the 1300 C
sample with different d, D, and vFeðIIÞ values. The
range in D values, particularly for the Fe3þ dou-
blet, makes it difficult to comment on its coordi-
nation. Thus, it was difficult to approve or
disapprove the simulation-derived Fe local envi-
ronments from the M€ossbauer study of a single
sample. However, reasonably good fits that are
physical can be obtained by drawing comparisons
between the samples by monitoring the evolu-
tion or disappearance of peaks and changes in
apparent M€ossbauer parameters of various peaks.
This approach coupled with supporting evidence
from other analytical/spectroscopic data usually
strengthens the quality of a fit of the data. For
example, in the present study, a fit that exhibits
realistic M€ossbauer parameters and yields a vFeðIIÞ
value close to the value derived by the UV–VIS–
NIR technique was considered a good and mean-
ingful fit.
3.3.1. Samples prepared in ambient air at different
temperatures
The M€ossbauer fitting parameters and the iron
redox values or vFeðIIÞ for the glasses melted at
three different temperatures, 1300, 1500, and
1600 C, are summarized in Table 1. 2 The fit
parameters are defined as follows: d or CS is the
center shift, D or QS is the quadrupole shift, e is
the quadrupole shift parameter, Bhf is the mag-
netic hyperfine field, and rD and rBhf are sigma-
width of the QSD and HFD components. The
vFeðIIÞ values were systematically higher in the sam-
ples melted at higher temperatures and agreed
well with the spectrophotometrically determined
vFeðIIÞ values [18]. Fe
3þ doublet and sextet con-
tributions to the spectra decreased slightly with a
simultaneous increase in the Fe2þ doublet con-
tent. The small differences between the spectra
are apparent from Fig. 3 where spectra of glasses
melted at lowest and highest temperatures are
compared.
The associated calculated M€ossbauer parame-
ters of the samples are summarized in Table 2,
and they are defined as follows: hCSi is the av-
erage CS, hQSi is the average magnitude (i.e,
average absolute value) of the QS, rQSD is the
standard deviation from the average QS, hei is the
average magnitude of the QS shift parameters (e),
hBhfi is the average magnitude of the hyperfine
field, and rBhf is the deviation from the average
Bhf . In general, with heating, as expected, there
were changes in the local chemical and structural
environments of the samples, as was evident from
both the calculated M€ossbauer parameters (Table
2) and their QSD and HFD distributions (Fig. 8).
The calculated M€ossbauer parameters and QSD
distribution of the Fe3þ environment of the 1300
C sample were similar to those reported for Fe3þ
in octahedral environment in Fe(III)-oxide sys-
tems [37,38]. With further increase in the melting
temperature, there were subsequent changes in
the M€ossbauer parameters and QSD distribu-
tions. This was particularly evident in the Fe3þ
doublet environment, both the hQSi and the QSD
distribution widths decreased linearly with in-
crease in temperature (Fig. 8(b)). The spread in
QS occurs because of local changes in chemical
and structural environment [27,28]. The QSD
represents the most crystal chemical information
that can be extracted from a spectrum [27,28].
These decreases in hQSi and QSD widths could
be due to increase in tetrahedral character (or
proportion) of the Fe3þ environment/sites. Ran-
court et al. (1992) [39] and Rancourt et al. (2001)
[37] showed that tetrahedrally coordinated Fe3þ
2 Simulation of the 1400 C sample was not carried out due
to its poor signal-to-noise ratio.
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environments exhibit lower hQSi and smaller
distribution widths than those of Fe3þ in octa-
hedral environments. Rancourt et al. (1994) [39]
and Coey 1980 [40] also showed that the tetra-
hedral Fe3þ ions have lower CS and QS values
than those of octahedral Fe3þ environments.
Table 1
4.2 K M€ossbauer fitting parameters and Fe2þ/Fe-total ratios of glasses melted at different temperatures
Melting
temperature
(C)
Fe-sites M€ossbauer parameters % Area Fe2þ/Fe-total or vFeðIIÞ
d (mm/s) D or e
(mm/s)
Bhf (T) rD or rBhf
(mm/s or T)
v2 (red) M€ossbauer Spectropho-
tometrya
1300 Fe2þ doublet 1.12
(0.055)
2.5
(0.11)
– 0.54 (0.11) 1.10 6.8
(0.8)
0.068
(0.008)
0.062
(0.022)
Fe3þ doublet 0.461
(0.032)
0.82
(0.05)
– 0.549
(0.049)
14.6
(0.7)
Fe3þ sextet 0.441
(0.014)
0.062
(0.014)
– – 78.6 (1)
Component 1 53.58
(0.12)
2.0b 21.1
Component 2 33.1 (1.2) 18.0b 57.5
1500 Fe2þ doublet 1.115
(0.028)
2.36
(0.055)
– 0.52 (0.095) 0.9 13.7
(0.6)
0.137
(0.008)
0.144
(0.043)
Fe3þ doublet 0.485
(0.037)
0.65
(0.06)
– 0.466
(0.049)
12.9
(1.4)
Fe3þ sextet 0.419
(0.024)
0.058
(0.024)
– – 73.5
(1.5)
Component 1 53.42
(0.22)
3.12 (0.29) 31.1
Component 2 28.5 (1.9) 14.3 (2.25) 42.3
1600 Fe2þ doublet 1.124
(0.015)
2.35
(0.029)
– 0.55b 1.27 15.1 (1) 0.151
(0.01)
0.173
(0.023)
Fe3þ doublet 0.395
(0.036)
0.62
(0.06)
– 0.408
(0.029)
10.9 (1)
Fe3þ sextet 0.437
(0.012)
0.073
(0.012)
– – 74.2
(1.5)
Component 1 53.55
(0.11)
2.51 (1.5) 27.8
Component 2 25.2
(1.95)
17.8 (1.95) 46.2
a Jeoung et al. (2001).
b These parameters were fixed during the fitting process.
Table 2
Calculated M€ossbauer parameters of glasses melted at different temperatures
Melting temperature (C) Fe-site hCSi (mm/s) hQSi (mm/s) rQSD (mm/s) hei (mm/s) hBhfi (T) rHFD (T)
1300 Fe2þ doublet 1.12 2.5 0.54 – – –
Fe3þ doublet 0.46 0.85 0.5 – – –
Fe3þ sextet 0.44 – – 0.062 38.95 17.15
1500 Fe2þ doublet 1.14 2.36 0.46 – – –
Fe3þ doublet 0.48 0.71 0.45 – – –
Fe3þ sextet 0.42 – – 0.058 39.22 16.18
1600 Fe2þ doublet 1.12 2.35 0.41 – – –
Fe3þ doublet 0.39 0.69 0.46 – – –
Fe3þ sextet 0.44 – – 0.073 36.63 18.22
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The changes in the Fe2þ doublet and Fe3þ sextet
features were less pronounced than the Fe3þ dou-
blet (Fig. 8(a) and (c)). Both QS and distribution
width of Fe2þ decreased with increase in melting
temperature. These difference indicated changes in
Fe2þ structural environment. The changes in Fe3þ
sextet were more pronounced in the HFD distri-
bution of the second Gaussian component of the
spectra (wider distribution, 0–50 T region), partic-
ularly the width of the distribution. This indicated
that this fraction of the Fe3þ sextet sites were rel-
atively more susceptible to heat treatment than the
Fe3þ sextet sites that comprise the first Gaussian
component (sharp feature) of the distribution. A
distribution of HFD in an annite clay was recently
attributed to Fe(III)-oxides of varying crystallinity
[37].
3.3.2. Samples prepared under reducing conditions
The reduction of ferric to ferrous irons was
significant in the presence of CO/CO2. For in-
stance, at 1500 C, the M€ossbauer-derived vFeðIIÞ
values for the glass melted in air and under 12CO/
88CO2 were 0.137 and 0.277, respectively. At a
constant temperature of 1500 C, ferric to ferrous
reduction proceeded further from 0.277 to 0.868
(based on M€ossbauer data) under more reducing
conditions from 12CO/88CO2 to 50CO/50CO2
(Table 3). The M€ossbauer-derived vFeðIIÞ values
agreed with the spectrophotometrically deter-
mined values (Table 3). The increase in vFeðIIÞ ap-
peared mainly due to a systematic decrease in the
Fe3þ sextet content. The Fe3þ sextet was not de-
tectable in the highly reduced sample, the 50CO/
50CO2 sample, and this may be due to its complete
reduction to Fe2þ. The Fe3þ doublet content
appeared to be stable towards the reducing atmo-
sphere. Therefore, the M€ossbauer fitting parame-
ters of the Fe3þ doublet were constrained in all the
reduced samples to values identical to that of the
1600 C sample. In other words, an identical Fe3þ
doublet environment was chosen to fit the spectra.
This assumption seemed reasonable since the re-
sultant fits yielded vFeðIIÞ values that were similar to
the spectrophotometrically determined values.
The associated calculated M€ossbauer parame-
ters of the samples are summarized in Table 4. The
parameters of Fe2þ doublet were similar in all the
samples, except the 36CO/64CO2 reduced sample.
The 36CO/64CO2 reduced sample also differed
significantly from the others in its Fe3þ sextet pa-
rameters. The differences between the 36CO/
64CO2 reduced sample and others were obvious
from Fig. 5 (M€ossbauer spectra) and Fig. 9. Fig. 9
compares QSD and HFD distributions of Fe2þ
doublet and Fe3þ sextet of all the reduced samples.
The differences in the Fe3þ sextet features between
the samples (12CO/88CO2, 24CO/76CO2, and
36CO/64CO2) was particularly evident in their
BhfðavÞ values (Table 4), and HFD distribution of
the second component (wider distribution) (Fig.
9). Samples reduced under 12CO/88CO2 and
24CO/76CO2 differed from each other mainly in
Fig. 8. QSD and HFD distributions of Fe-sites for the glasses
melted in air at 1300, 1500 and 1600 C.
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Table 4
Calculated M€ossbauer parameters of glasses melted under CO and CO2 gas mixture
Melting temperature (C) Fe-site hCSi (mm/s) hQSi (mm/s) rQSD (mm/s) hei (mm/s) hBhfi (T) rHFD (T)
12:88 Fe2þ doublet 1.13 2.26 0.55 – – –
Fe3þ doublet 0.37 0.64 0.37 – – –
Fe3þ sextet 0.43 – – 0.022 39.21 17.42
24:76 Fe2þ doublet 1.15 2.22 0.57 – – –
Fe3þ doublet 0.39 0.64 0.37 – – –
Fe3þ sextet 0.43 – – 0.07 45.28 11.13
36:64 Fe2þ doublet 1.5 3.05 0.8 – – –
Fe3þ doublet 0.37 0.64 0.37 – – –
Fe3þ sextet 0.48 – – 0.09 70.81 3.36
50:50 Fe2þ doublet 1.15 2.23 0.54 – – –
Fe3þ doublet 0.37 0.64 0.37 – – –
Table 3
4.2 K M€ossbauer fitting parameters and Fe2þ/Fe-total ratios of glasses melted under CO and CO2 gas mixture
CO:CO2
ratio
Fe-sites M€ossbauer parameters % Area Fe2þ/Fe-total or vFeðIIÞ
d (mm/s) D or e
(mm/s)
BhfðavÞ
(T)
rD or rBhf
(mm/s or T)
v2 (red) M€ossbauer Spectropho-
tometrya
12:88 Fe2þ doublet 1.135
(0.009)
2.263
(0.018)
– 0.55b 1.25 27.7 (1.2) 0.277
(0.017)
0.360
(0.003)
Fe3þ doublet 0.37b 0.62b 0.4b 7.9 (0.8)
Fe3þ sextet 0.426
(0.017)
0.023
(0.017)
– – 64.4
(1.48)
Component 1 53.59
(0.16)
2.37 (0.20) 20.7b
Component 2 31.7
(2.1)
18.3 (1.8) 43.7
24:76 Fe2þ doublet 1.147
(0.001)
2.225
(0.016)
– 0.57b 0.99 48.2 (2.4) 0.482
(0.030)
0.515
(0.012)
Fe3þ doublet 0.37b 0.62b – 0.4b 9.2 (0.87)
Fe3þ sextet 0.429
(0.036)
0.07
(0.03)
– – 42.6 (2.7)
Component 1 53.32
(0.34)
2.65 (0.50) 16.7
Component 2 40.1
(3.4)
11.4 (3.1) 26.0
36:64 Fe2þ doublet 1.498
(0.12)
3.06
(0.02)
– 0.78 (0.02) 1.11 61 (0.9) 0.61
(0.0123)
0.612 (0.01)
Fe3þ doublet 0.37b 0.62b – 0.4b 7.6 (1)
Fe3þ sextet 0.481
(0.03)
0.09
(0.03)
70.8
(0.3)
3.36b 31.4
(0.61)
50:50 Fe2þ doublet 1.14
(0.002)
2.235
(0.005)
– 0.542
(0.006)
2.21 86.85
(0.47)
0.878
(0.007)
0.908
(0.003)
Fe3þ doublet 0.37b 0.62b – 0.4b 13.15
(0.47)
a Jeoung et al. (2001).
b Fixed parameter.
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the rHFD of the second component (Fig. 9). This
implied that Fe3þ sites that contribute to the sec-
ond component were more susceptible to the re-
duction, a finding similar to that of the
temperature effect. The rHFD, however, was sim-
pler for the 36CO/64CO2 sample; a single com-
ponent was sufficient to fit its sextet pattern. For
the 50CO/50CO2 sample, the sextet feature disap-
peared completely (cf. Fig. 5). These changes in the
Fe3þ sextet appeared to be related to the changes
in the 375-nm optical band (Fig. 1(e)).
4. Discussion
4.1. M€ossbauer-derived iron redox
The liquid-helium M€ossbauer-derived vFeðIIÞ
values of all the glasses studied agree, within the
uncertainties of measurements and simulations,
with those determined by optical methods (Tables
1 and 3). The observation was in agreement with
the recent study of silicate glasses containing <4
mol% Fe2O3 by Bingham et al. [35] where the
M€ossbauer-derived vFeðIIÞ values (based on a Lo-
rentzian fitmodel) were identical to those calculated
by an optical method. The M€ossbauer-derived
vFeðIIÞ values from fitting RT spectra (except for the
highly reduced sample, the 50CO/50CO2 sample),
however, were consistently higher than those de-
rived from the 4.2 K spectra (data not shown). In a
soda-lime silicate with less than 0.5 wt% Fe2O3,
Williams et al. [41,42] observed differences between
the RT M€ossbauer spectroscopy-derived vFeðIIÞ
values and other techniques. This implied that the
iron redox of glasses with low iron content cannot
be accurately determined using the RT spectra. In
our study, the vFeðIIÞ results derived from RT and
4.2 K were close to each other only for the highly
reduced sample, the sample with no detectable
curved baseline at RT.
4.2. General 57Fe M€ossbauer features
Two types of Fe3þ environments, a magnetic
Fe3þ sextet(s) and a paramagnetic Fe3þ doublet,
were evident in the 4.2 K M€ossbauer spectra of
most of the samples. The sextet is referred to as a
paramagnetic HFS and arises due to the lack or
decreased spin–spin interaction between Fe3þ sites
at lower iron contents. 3 Decreased Fe concentra-
tion (increased Fe–Fe separation) increases the
spin–spin relaxation time [43]. The observation of
HFS spectra in kaolinite samples with low Fe
content was ascribed to HFS [36]. As the Fe con-
tent increases, the probability of spin–spin inter-
action increases between the adjacent sites, causing
the HFS peaks to be transferred to a doublet. In
the samples under current investigation, the sextet
3 Unlike in the Fe3þ ions, only a Fe2þ doublet feature was
evident in the spectra, regardless of the vFeðIIÞ of samples. The
sextet feature due to the Fe2þ environment was not evident in
any sample. This was expected because the spin–spin relaxation
rate of the Fe2þ ions was faster than that exhibited by the Fe3þ
ions; the rate was higher because of the coupling of the lattice
modes to the total angular momentum via the orbital contri-
bution.
Fig. 9. QSD and HFD distributions of Fe-sites for the glasses
melted for the glasses melted in CO/CO2 atmosphere (12/88 to
50/50).
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feature likely represents isolated Fe3þ ions rather
than an ordered magnetic phase; e.g., magnetite.
No secondary phases (crystalline or amorphous)
were detectable using transmission electron mi-
croscopy in these samples.
4.3. Melting temperature effect on iron local envi-
ronments
The optical peaks due to Fe3þ (350–500 nm)
were identical in all the melted samples, based on
Fig. 1(c), irrespective of the vFeðIIÞ of the sample,
implying that (1) identical Fe3þ environments ex-
isted in all the melted samples and (2) both the
doublet and sextet Fe3þ environments were re-
duced proportionately. Small changes in the Fe3þ
features, particularly for Fe3þ doublet, however,
were apparent in their M€ossbauer QSD and HFD
distributions (Fig. 8).
The slightly lower hCSi and hQSi of the Fe3þ
doublet in the 1600 C (Table 2) sample compared
to other melted samples may suggest a slightly
different coordination environment than the oth-
ers. Its parameters, based on a fit of the data, were
similar to the derived values for tetrahedral Fe3þ
ions (hCSi ¼ 0:39 mm/s and hQSi ¼ 0:62 mm/s)
[44]. Its contribution to the spectrum was identical
to that of the Fe3þ doublet contribution in the
reduced samples, approx. 10% (Tables 1 and 3),
but was lower than the other air-melted samples
(1300–1500 C samples); e.g., the Fe3þ doublet
contribution was 15% in the 1300 C sample. The
differences in Fe3þ doublet content between the
samples indicate that some fraction of the Fe3þ
doublet in the 1300–1500 C range was thermally
unstable and may have had different chemical and
structural environments from the 1600 C sample.
However, since the spectral features were not re-
solved into two doublets in these samples, it was
not physically meaningful to fit the feature into
two doublets to extract their parameters.
Similar Fe3þ sextet features, a curved baseline
and a broad sextet feature with no apparent res-
olution into multiple sextets, were evident in all the
samples. If there was any change between the Fe3þ
sextet features, the variation must have been small
and confined to changes in the distribution of local
environments. HFD models were routinely em-
ployed to fit M€ossbauer spectra to account for the
distribution of Fe3þ environments [45]. Because of
lack of evidence for multiple sextets in our sam-
ples, we fitted the sextet feature with one sextet
that has two Gaussian components (Components
1 and 2) along with the HFD model. Fit data
clearly indicated that these Fe3þ environments of
the melted samples were slightly different from
each other; they vary mainly in their BhðavÞ and
rHFD of the second component (Fig. 8(c)). To our
knowledge, the nature of the sextet feature was not
addressed adequately in the literature. Bingham et
al. [35] recently fitted M€ossbauer spectra of so-
dium silicate glasses with two sextets without any
physical assignments. We argue that these Fe3þ
sites represented by the sextet have an octahedral
environment (discussed in Section 4.4).
Like the Fe3þ sites, the Fe2þ environment was
stable towards the melting temperature. This was
evident from their optical spectra (Fig. 1(b)) and
M€ossbauer parameters (Table 2 and Fig. 8); the
optical bands and M€ossbauer parameters were
essentially identical for all the samples. The co-
ordination nature (tetrahedral or octahedral) of
Fe2þ, however, was not straightforward. The two
broad Fe2þ peaks at 1120 and 2020 nm in the
optical spectra were assigned in the literature dif-
ferently. Steele and Douglas [31], based on ligand
field predictions, assigned the 1120-nm peak to
octahedral Fe2þ and the 2020-nm peak to tetra-
hedral Fe2þ ions. The assignment of the 2020 band
to tetrahedral Fe2þ, however, has been contro-
versial; some supported tetrahedral configuration
[46–49] whereas Edwards et al. [50] interpreted it
to be in a distorted octahedral coordination.
The calculated M€ossbauer parameters, on the
other hand, were typical of Fe2þ in an octahedral
environment. Bingham et al. [35] reported similar
hCSi and hQSi for octahedral Fe2þ in SiO2-Na2O-
CaO glass containing 1% Fe2O3. Furthermore,
the Fe2þ doublet feature in our glasses lacks fea-
tures that imply the presence of more than one
Fe2þ doublet or environments, Fe2þoct and Fe
2þ
tet , in
contrast to the results in the literature [46–49]. This
and the near constant ratio of the 1120- and 2020-
nm optical bands in all the samples indicated that
these bands were probably due to octahedral Fe3þ
coordinations with different distortions rather
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than Fe2þ in octahedral and tetrahedral coordi-
nations.
4.4. Effect of CO/CO2 atmosphere on iron environ-
ments
Unlike in the air-melted sample, the reducing
atmosphere had a pronounced effect on the Fe3þ
sextet features. Its intensity varied significantly
with simultaneous changes in M€ossbauer param-
eters, particularly between the 12CO/88CO2 and
24CO/76CO2, and 36CO/64CO2 samples, with an
increase in the CO/CO2 ratio. The Fe
3þ doublets
M€ossbauer parameters (Table 4) and intensity
(Table 3), on the other hand, were not affected
significantly. Its intensity and parameters were
identical to that of the stable tetrahedral Fe3þ sites
identified in the 1600 C air-melted sample. Iden-
tical M€ossbauer parameters among the various
reduced samples were further indicative of the
stability of these ions.
The parameters of the Fe3þ sextet for the 12CO/
88CO2 and 24CO/76CO2 samples were similar,
which were also similar to the parameters of air-
melted samples. However, the sextet feature of the
36CO/64CO2 sample was significantly different
than the former reduced samples. Specifically, its
derived BhfðavÞ value of 70.8 T was much higher
than approximately 53 T for the 12CO/88CO2 and
24CO/76CO2 samples as well for the samples
melted under ambient conditions. The result, an
HFS spectrum with such a high BhfðavÞ value, is
unusual. Further investigation is necessary, ex-
amining whether it is related to decreased spin–
spin interactions of the Fe3þ ions. In Na2O3–3SiO2
glasses with varying Fe2O3 content (0.1–1 mol%),
a 0.1 mol% Fe2O3 glass exhibited 10% higher
apparent Bhf value than that of a 1 mol% Fe2O3
glass (Fig. 8 in Ref. [33]; note: the x-axis scale
varies for the spectra). A decrease in the sextet
content implies that the majority of isolated Fe3þ
ions were converted to Fe2þ ions. The trend in the
conversion of Fe3þ to Fe2þ ions was further evi-
dent from the absence of a sextet feature in the
most reduced 50CO/50CO2 sample.
The significant changes in M€ossbauer and
optical spectra with the CO/CO2 ratio, unlike in
the air-melted samples, helped to interpret the
optical bands and their relation to M€ossbauer
peaks. For example, the 375-nm band was as-
signed to both the octahedral Fe3þ and tetra-
hedral Fe3þ transitions ½6C1–4C5ðDÞ [32]. The
position is the same compared to our results.
Both the 375-nm optical band and the Fe3þ
sextet M€ossbauer intensities were progressively
and simultaneously reduced. Therefore, it is likely
that the 375 nm and Fe3þ sextet represent the
same Fe3þ environment, and we assigned them to
octahedrally coordinated irons for the following
two reasons. First, the reduction of octahedral
Fe3þ to tetrahedral Fe2þ is energetically unfa-
vorable because the process involves an electron
transfer from cation to oxygen without changing
its coordination with oxygen. Secondly, the shift
in the local electron density of the bonding en-
vironment between iron cation and oxygen are
favored between iron cation and non-bridging
oxygen over bridging oxygen.
The absorption band near 415 nm obtained
from our study is close to the 427-nm band, based
on a theoretical calculation for the 6C1–4C1,
4C3ðGÞ transition of tetrahedral Fe3þ ions and
octahedral Fe3þ ions [32]. The 6C1–4C5ðGÞ transi-
tion of tetrahedral Fe3þ ions was predicted at 500
nm [32] as compared to a small broad band near
485 nm from our study. For octahedral Fe3þ ions,
the predicted transition of 6C1–4C5ðGÞ was at 570
nm, but at 446 nm for tetrahedral Fe3þ ions [32].
In our study, a band at 435 nm was observed. The
above bands obtained from our study showed little
change over the wide temperature and melt redox
conditions (cf. Fig. 1(c) and (f)). Combining the
M€ossbauer fitting results with the observed optical
band characteristics and the literature predictions,
we propose that the optical bands near 415, 435,
and 485 nm likely relate to the tetrahedral coor-
dinated ferric ions as represented by the Fe3þ
doublet (cf. M€ossbauer data, Section 4.3).
Like the Fe3þ sextet parameters, the Fe2þ dou-
blet parameters of the 36CO/64CO2 sample
differed significantly from the mildly reduced and
air-melted samples; its hCSi and hQSi values were
significantly higher. Such high hCSi (1.5 mm/s
vs.1.16 mm/s for the other samples) and hQSi
values (3.06 mm/s vs. 2.20 mm/s for the other
samples) for a Fe2þ doublet have been reported by
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Boon [51] for an Fe-rich silicate glass and by
Kamo et al. [52] for a phosphate glass
(Fe3O4 NaPO3). In general, an increase in hCSi,
opposite to the case of Fe3þ environment, indicates
an increase in symmetry or decrease in distortion
around the Fe2þ ion. Labar and Gielen [53]
attributed an increase in hQSi to a change in co-
ordination to an increasingly octahedral coordi-
nation. An increase in hCSiwas also attributed to a
change in coordination towards an increasingly
octahedral coordination [50]. The differences in
Fe2þ features between the 36CO/64CO2 and other
reduced samples, however, were not apparent in
the optical spectra (Fig. 1(a)); spectral features of
the bands at 1120 and 2020 nm were similar in all
the samples.
The asymmetry of the doublet feature in the
M€ossbauer spectrum of the highly reduced sample
(50CO/50CO2 sample; Fig. 5(d)) is not due to the
Goldanskii effect as hypothesized by Kurkjian and
Buchanan (Fig. 9 in Ref. [33]); Goldanskii has
shown that in crystals, regardless of the anisotropy
of the crystals, asymmetry results because of the
anisotropy of the recoil-free fraction [54]. The
asymmetry was a result of the presence of Fe2þ and
Fe3þ environments (Table 3), as obvious from
vFeðIIÞ and the optical data.
4.5. Assignment of Fe-sites
The results discussed so far support the coex-
istence of Fe3þtet , Fe
3þ
oct, and Fe
2þ
oct environments in
the glass samples. Specifically, the Fe3þ sextet
represents isolated octahedral ferric ions (with a
wide distribution), and this feature is related to the
375-nm optical band. The feature is not due to a
Fe-oxide phase, e.g., inverse spinel-like magnetite.
The Fe3þ doublet primarily represents tetrahedral
ferric ions, which is related to 415-, 435-, and 485-
nm optical bands. Finally, the Fe2þ doublet
represents octahedral ferrous ions with varying
distortions, which is related to the optical bands
near 1120 and 2020 nm. It was also evident from
the study that 10% of Fe3þ exists in tetrahedral
coordination in all the samples, a fraction that
appears to be stable over the changes of melting
temperature and oxygen partial pressure. The in-
crease in the Fe2þoct content in the reduced samples
appears solely due to the reduction of the Fe3þoct
ions.
4.6. Effect of iron doping and oxidation state on
immiscibility
On the one hand, as previously reported, 0.5
mol% Fe2O3 doping significantly decreased Tc by
32 and 29 C for 18NS and 13NS glasses, respec-
tively, when the melts were prepared at different
temperatures in ambient conditions [18]. On the
other hand, a change in the ferrous and ferric ion
ratio was shown to have a secondary effect on Tc,
by less than 5 C, for the iron-doped glasses [18].
Based on the above study, we propose two possible
roles for ferrous and ferric ions on phase separa-
tion in the system under investigation. First, Fe3þtet
ions, about 10% of the total iron, function as a
glass network former that is expected to decrease
the tendency of glass phase separation, possibly by
forming bonding with Na similar to the effect of Al
on depressing the immiscibility of sodium silicate
glass [55]. Secondly, the Fe3þoct and/or Fe
2þ
oct ions
may function as a network modifier. Hence, one
would also expect a decrease in Tc as total iron
increases since the composition of 18NS is within
the immiscibility dome and at the right side of the
dome [55]. Finally, the small effect of Fe2þoct on in-
creasing Tc may further suggest that Fe
2þ
oct behaved
more like divalent alkaline earth cations that are
known to increase Tc.
5. Conclusions
Local iron environments of ferric and ferrous
were systematically studied using M€ossbauer (at
liquid helium temperatures) and UV–VIS–NIR
spectroscopic methods. These environments ex-
isted in a single iron-doped sodium silicate glass
heated to 1300–1500 C under air or heated at
1500 C under varying CO/CO2 ratios (12/88 to 50/
50). The oxidation-reduction (or vFeðIIÞ) was con-
trolled by both temperature and an oxidization
state of the melt. Reducing atmosphere (CO/CO2)
had a significant effect on vFeðIIÞ. For the current
system, we identified limited tetrahedral sites for
ferric ions, Fe3þtet , that are stable against reduction
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to ferrous ions even under the most reducing
condition, 50CO/50CO2, applied. The majority of
ferric ions likely occupy the octahedral sites, Fe3þoct,
that were isolated and were readily converted into
ferrous ions, Fe2þoct, without changing its coordi-
nation. Combining results from both spectroscopic
studies, the 1120- and 2020-nm optical bands were
linked to Fe2þoct ions with a different degree of dis-
tortion rather than different coordinations. Fur-
ther, we assigned a 375-nm band to the transition
of octahedral ferric ions, Fe3þoct, which is sensitive to
the change of oxygen partial pressure in glass
melting and 415-, 435-, and 485-nm bands to the
transitions of the tetrahedral ferric ions, Fe3þtet ,
which are insensitive to oxidation states of the
melt. Based on the spectroscopy-derived local iron
environments from this study and our previous
work, the effect of ferric and ferrous ions with
different coordination environments on the glass
immiscibility was discussed within a contest of
different structural roles between Fe3þtet as network
former suppressing immiscibility and Fe2þoct and/or
Fe3þoct as network modifiers or intermediate, either
suppressing or increasing immiscibility slightly at
the current concentration level.
The use of both techniques enables us to better
identify specific local environments of iron species
under various melting conditions. However, the
overall results point out the complexity of the iron
effects on silicate phase separation. For complex
borosilicate glasses currently developed for im-
mobilizing radioactive materials, the effects of
ferrous and ferric ions are expected to be more
complicated because of the coexistence of two
network-forming structures, Si–O and B–O, and
partitioning of these iron species between the two
network environments. This is strongly affected by
other major constituents, such as Al and Na.
Further studies of such a complex system are
highly recommended, which is very important for
long-term safe storage of radioactive waste mate-
rials.
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